Objective: The aim of this study was to compare the effectiveness of a new index of perceived mental workload, the Multiple Resource Questionnaire (MRQ), with the standard measure of workload used in the study of vigilance, the NASA Task Load Index (NASA-TLX).
IntroductIon
The study of vigilance or sustained attention focuses upon the ability of observers to detect and respond to unpredictable and infrequent signals over extended periods of time (Ballard, 1996; Davies & Parasuraman, 1982; Hancock, 2013; Warm, 1984 Warm, , 1993 Warm, Parasuraman, & Matthews, 2008) . This aspect of human performance is an important concern for human factors and ergonomic specialists due to the critical role that vigilance plays in a wide array of automated human-machine systems in aviation, industrial process and quality control, medical monitoring and screening, and airport and border security (Warm, Parasuraman, et al., 2008) . Several studies have shown that accidents ranging in scale from minor to major are often the result of poor vigilance on the part of human operators (Hawley, 2006; Molloy & Parasuraman, 1996; Warm, Parasuraman, et al., 2008) . Consequently, an understanding of the factors that influence vigilance performance and their underlying mechanisms is crucial for system integrity and public safety (Nickerson, 1992) .
Due to their monotonous and repetitive character, there has been a long-standing belief that vigilance tasks are understimulating work assignments that impose little information-processing demand upon observers (Nachreiner & Hanecke, 1992; Robertson, Manly, Andrade, Baddeley, & Yiend, 1997) . However, studies using the NASA Task Load Index (NASA-TLX; Hart & Staveland, 1988 ) as a measure of the mental demands imposed on observers by vigilance tasks have challenged those views and indicated that information processing in vigilance is highly demanding (Johnson & Proctor, 2004; Warm, Matthews, & Finomore, 2008; Warm, Parasuraman, et al., 2008) .
The NASA-TLX is one of the most effective and widely used measures of perceived mental workload currently available (Farmer & Brownson, 2003; Wickens, Hollands, Banbury, & Parasuraman, 2013) . It provides a global workload index on a scale of 0 to 100 and identifies the relative contributions of six sources of workload with the subscales Mental Demand, Temporal Demand, Physical Demand, Performance, Effort, and Frustration with substantial reliability (Nygren, 1991) . Investigations using the NASA-TLX have shown that the global workload scores associated with vigilance tasks generally fall at the upper end of the scale and vary directly with psychophysical factors that increase the information-processing demand of the tasks, such as reductions in signal salience, increments in the number of displays to be monitored, and observers' temporal and spatial uncertainty as to when and where critical signals for detection will occur. In addition, these studies have also identified a workload signature in which Mental Demand and Frustration are the primary components of the workload associated with vigilance tasks (Helton et al., 2005; Szalma et al., 2004; Warm, Dember, & Hancock, 1996; . The findings with the NASA-TLX provide key support for a conceptual framework for understanding vigilance performance in terms of the availability and utilization of information-processing resources over prolonged periods of time (Johnson & Proctor, 2004; Langner, Eickhoff, & Steinborn, 2011; MacLean et al., 2009; Parasuraman, 1979; Parasuraman, Warm, & Dember, 1987; Proctor & Vu, 2010; Smit, Eling, & Coenen, 2004; Warm & Dember, 1998; Warm, Parasuraman, et al., 2008; Wiggins, 2011) .
Boles and his associates (Boles, Bursk, Phillips, & Perdelwitz, 2007) have suggested that as useful as the NASA-TLX has been in uncovering the information-processing load associated with vigilance and with a wide variety of other tasks as well, it may be limited with respect to the mental processes that it represents. More specifically, the NASA-TLX treats informationprocessing resources in the way that they were conceptualized in Kahneman's (1973) original derivation of resource theory as a pool of undifferentiated information-processing entities that could be parceled out to one or more tasks as needed. However, multitasking studies in vigilance, and other areas as well, have demonstrated that certain pairings of tasks produce greater multitask processing deficits than others, indicating that attention may not be unitary; it is or is not subject to interference when processing multiple events depending upon the demands that are made upon similar resource pools (Boles & Dillard, in press; Caggiano & Parasuraman, 2004; Wickens, 1984; Wickens et al., 2013) .
In an effort to address that concern, Boles and his associates (2007) have offered a new instrument, the Multiple Resources Questionnaire (MRQ), in which observers are presented with a set of 17 resource dimensions largely drawn from factor-analytic studies carried out by Boles (1998; Boles & Law, 1998) . The dimensions are listed in Table 1 . Fourteen of the dimensions reflect encoding and central-processing resources; the remaining three are response resources. Observers are asked to rate the extent to which a task they just performed utilized each dimension. Research with the MRQ has indicated that the instrument has moderate to substantial interrater reliability (values ranging from .57 to .90; Boles et al., 2007) and that it is able to uncover key resource dimensions in tasks involving different skills, such as reading bar graphs, determining the spatial position of a line, word interpretation, and medical imaging (Boles & Adair, 2001; Boles et al., 2007; Klein et al., 2012; Klein, Riley, Warm, & Matthews, 2005) . In addition, the MRQ has been successful in predicting the interference between tasks based upon shared resource dimensions (Boles & Adair, 2001; Boles et al., 2007) .
It is important to emphasize that the NASA-TLX and the MRQ are essentially subjective scales, and Natsoulas (1967) has pointed out that there is always some question as to whether any form of self-report accurately reflects respondents' true perceptual experiences. He suggested that this problem might be overcome by linking perceptual reports to psychophysical factors known to influence task difficulty. Natsoulas's suggestion was the foundation for the studies described earlier linking perceived mental workload as measured by the NASA-TLX to the psychophysical demand of vigilance tasks. In this paper, we report two studies that extend that line of investigation. In these studies, ratings of the perceived mental workload of vigilance tasks secured via the newer measure, the MRQ, were compared with ratings obtained from the current standard measure of perceived mental workload in vigilance, the NASA-TLX, in the context of different psychophysical challenges. The challenges included searching for the presence or absence of a critical feature and task type, successive or simultaneous in character. These factors were chosen because they have been found to place differential demands on the levels of information processing needed by observers to make signal-noise discriminations (Hollander, et al., 2004 ; Warm, Parasuraman, et al., (Caggiano & Parasuraman, 2004) , and the ability of the MRQ to predict intertask interference, the workload emanating from a multitasking requirement was also included in comparing the two scales.
ExpErImEnt 1 Stimulus presence or Absence
In Experiment 1, psychophysical demand was manipulated by defining signals for detection in terms of the presence or absence of a critical stimulus feature. Detecting feature absence has been found to be more difficult than detecting feature presence in visual search (Triesman & Gormican, 1988; Quinlan, 2003) , and this major effect in the search literature has been extended to vigilance tasks by Schoenfeld and Scerbo (1999) and by Hollander and his associates (Hollander et al., 2004) . These studies have indicated that signal detection in vigilance is greater for stimulus presence than for absence and that workload, measured by the NASA-TLX, is greater in the absence than in the presence case. The sensitivity of the MRQ to stimulus presence or absence was the focus of this study. We anticipated that the MRQ would show higher overall workload in the detection of stimulus absence than in that of stimulus presence. Moreover, since, as described later, the study featured a display in which observers were required to scan an array of circles for the presence or absence of a critical feature that could appear in unpredictable spatial locations, we also anticipated that resources in the spatial domain would be heavily utilized in performance of this task.
method
Participants. Sixty-four undergraduate students from the University of Cincinnati (32 males and 32 females) served as observers for course credit. They ranged in age from 18 to 44 years, with a mean age of 20.6 years. All observers reported having normal or corrected-to-normal vision as indexed by self-report.
Design. Thirty-two observers equated for sex were assigned at random to either a feature presence or feature absence condition.
Apparatus. In both experimental conditions, observers participated in a continuous 40-min vigil divided into four 10-min periods of watch during which they monitored a 43.2-cm video display terminal (VDT), which projected a display consisting of five open circles (14-mm diameter) outlined by 1-mm black lines (transluminance = 0.11 cd/m 2 ) that appeared on a white background (transluminance = 64.32 cd/ m 2 ) at the 3, 5, 7, 9, and 12 o'clock locations. In the presence condition, the critical signal for detection was a vertical 1 mm × 4 mm line intersecting the 6 o'clock position within one of the circles in the display. In the absence condition, the vertical 6 o'clock line was present in all circles but one. In both conditions, stimuli were exposed for 250 ms, and the displays were updated 15 times per minute. Ten critical signals were presented at random intervals during each watch-keeping period (signal probability = .067) with the restriction that signals came into view on an average of once per minute and appeared equally often on each of the five circles. In all conditions, observers signified their detections of critical signals by pressing the space bar on the computer keyboard. Responses occurring within 1.5 s after the appearance of critical signals were recorded as correct detections; all other responses were classified as false alarms. Pilot work ensured that signals in the presence and absence conditions were equally detectable under alerted conditions.
(Using the presence and absence displays described, we presented 20 observers with a series of 30 two-alternative forced-choice trials with each type of display in which they were asked to determine which alternative in a pair of trials contained the predetermined critical signal. The order in which they were tested with each display was balanced across observers. A mean detection accuracy of 95% was considered evidence of high discriminability under alerted conditions with each display type. The mean accuracy scores for both the presence and the absence display conditions exceeded that value. A similar procedure involving 30 observers was utilized to ensure equal detectability under alerted conditions for the two types of vigilance tasks featured in conjunction with the display employed in Experiment 2. In this case, the number of two-alternative forced-choice trials with each type of task was increased to 60. These changes were made because the discriminations required in Experiment 2 were more difficult than those required in Experiment 1. Mean accuracy for each task type exceeded the 95% criterion.)
Examples of the feature presence and absence conditions are presented in Figure 1 .
Procedure. Observers were tested individually in a 2.0 × 1.9 × 1.9 m Industrial Acoustic Sound Chamber. Ambient illumination in the chamber (5.12 cd/m 2 ) was provided by a 25-watt lightbulb housed in a parabolic reflector located above and behind the observer and angled to reduce glare on the VDT. The VDT was positioned on a table at eye level at a distance of 55 cm from, and directly in front of, the seated observer. Stimulus presentation and response recording were orchestrated by a Dell personal computer (Dimension 2400) running SuperLab (Cedrus, Version 2.0) software.
After reporting for the experiment, observers received a verbal briefing from the experimenter about the task they were to perform and completed an informed consent form. They were then given two 5-min practice trials that duplicated the forthcoming vigilance task. A computerized male voice provided feedback as to correct detections, misses, and false alarms during practice. To be retained in the study, observers had to detect at least 80% of all critical signals during the second practice trial with no more than 10% false alarms. All observers met these criteria. Feedback was not available during the main vigil.
Computerized versions of the NASA-TLX and the MRQ were administered immediately after completion of the main vigil. The order of administration of the scales was balanced within each experimental condition. A key feature to be considered in comparing results obtained from the MRQ to those secured via the NASA-TLX is the range of ratings employed. In the case of the NASA-TLX, observers are asked to rate the workload dimensions on a scale of 0 to 100; a scale of 0 to 4 is employed by the MRQ. To avoid the possibility of scale differences arising from a "response range restriction" (Nunnally & Bernstein, 1994) , a 0-to-100 scale was also employed in rating the resource dimensions of the MRQ in this study and in the one to follow. As in the original version of the MRQ (Boles et al., 2007) , anchors pertaining to resource dimension usage were available with the 0-to-100 scale in both this experiment and the one to follow. In both experiments, observers were thoroughly familiarized with the two workload scales prior to responding to them, and in both studies, observers had available printed definitions of the six sources of workload when working with the NASA-TLX and printed definitions of the resource dimensions when working with the MRQ. appropriate to correct for violations of the sphericity assumption (Maxwell & Delaney, 2004) . False alarms were few in this study: The majority of observers made no false alarms at all. Consequently, the false alarm scores were not analyzed further.
Workload measurements. As a preliminary step, the data from each workload scale were examined for possible carryover effects associated with the presentation sequence of the scales. For each scale, the results were similar regardless of whether it was completed first or second by the observers. Consequently, administration order was not included in the following data analyses.
Mean NASA-TLX subscale scores (based on the unweighted scoring procedure; Nygren, 1991) and their respective standard errors are displayed in Table 2 for the presence and absence conditions. A 2 (task type) × 6 (subscales) mixed-model ANOVA of these data revealed that overall workload was significantly higher in the absence (M = 53.70, SE = 3.38) than in the presence condition (M = 38.46, SE = 2.71), F(1, 62) = 12.36, p < .001, η p 2 = .17. There was also a significant main effect for subscales, F(4.56, 282.72) = 27.55, p < .001, η p 2 = .31. The Task × Subscale interaction lacked significance, p > .05. It is evident in the table that mental demand was the dominant source of workload. Subsequent post hoc Tukey tests with alpha set at .05 revealed that the mean for the Mental Demand subscale was significantly greater than the means for Physical Demand and Performance.
Comparisons between all of the other subscales were not significant.
Like the NASA-TLX, the MRQ provides two indices of workload for an observer: (a) a global index defined as the mean of the observer's ratings across all of the scale's resource dimensions and (b) a profile of resource contributions to workload defined by the absolute value of the rating given to each resource dimension (Boles et al., 2007) . In describing the scoring of the MRQ, Boles and his associates (Boles, et al., 2007; Boles & Dillard, in press) have pointed out that including resources that are rated as having "no usage" (a rating of zero) in calculating the global score might distort the workload picture reflected in the MRQ by masking the utilization magnitude of the resources that did contribute to the performance of the task in question. Consequently, they suggest that it would be desirable in calculating a global score to first delete items from the questionnaire that did not meet a "greater-than-zero usage" standard. One approach to such a standard used by Carswell et al. (2010) is to include only those resource dimensions in which significantly more than 50% of the observers gave ratings other than zero in each experimental condition. Toward that end, the percentage of observers using a rating greater than zero was determined for each of the 17 resource dimensions in the presence and in the absence conditions.
Within each experimental condition, the values were tested against 50% by means of t tests using a significance level of .05 and the Bonferroni correction for the number of tests made. Eight of the 17 dimensions (47%) met the inclusion criterion in the absence condition, and 5 of the 17 dimensions (29%) met the inclusion criterion in the presence condition. The two experimental conditions shared some common resource dimensions but differed on others. Specifically, the Manual Processing, Spatial Attentive, Spatial Categorical, Spatial Emergent, and Short Term Memory dimensions were utilized across all conditions. In contrast, the Spatial Positional, Spatial Concentrative, and Visual Temporal dimensions were utilized unilaterally; they were employed in the absence but not the presence condition. These findings complicate the analysis of the data in terms of comparing the workload ratings for the two experimental conditions since the scores for each condition would be composed of different numbers of subscales. Accordingly, only the 5 resource dimensions shared by the presence and absence conditions were used in comparing the magnitude of the workload scores elicited by these conditions.
Means and standard errors of workload ratings on a scale of 0 to 100 for the presence and absence conditions across the five shared subscales are presented in Table 3 . A 2 (task type) × 5 (subscales) mixed-model ANOVA of the data of Table 3 revealed that as in the case of the NASA-TLX, overall perceived workload as indexed by the MRQ was greater in the stimulus absence (M = 62.5, SE = 5.3) than in the presence condition (M = 48.3, SE = 5.6), F(1, 62) = 8.42, p < .01, η p 2 = .12. In addition, there were significant differences among the subscales, F(3.62, 224.42) = 28.07, p < .001, η p 2 = .31. The Task × Subscale interaction was not statistically significant, p > .05. Subsequent post hoc Tukey tests with alpha set at .05 revealed that the Spatial Attentive dimension had the highest rating among the shared resource dimensions. The mean for that dimension significantly exceeded that for all of the other shared dimensions. None of the other comparisons in the supplementary tests was significant. discussion This study duplicated earlier findings by Schoenfeld and Scerbo (1999) and by Hollander et al. (2004) that performance efficiency is significantly poorer when observers are required to monitor for stimulus absence than for presence and that global workload as measured by the NASA-TLX is higher when critical signals for detection are defined by feature absence than by presence.
Experiment 1 was designed to provide the initial test of the applicability of the MRQ to the workload imposed by sustained attention tasks. As described by O'Donnell and Eggemeier (1986), key dimensions in the evaluation of workload scales are sensitivity-the scale's ability to reflect changes in task difficulty or resource demand-and diagnosticity-the scale's ability to discriminate the sources of demand. With regard to the former, the present results indicate that the MRQ fares well in comparison to the current standard measure of the workload of sustained attention in terms of task difficulty. Like the NASA-TLX, the global workload scores of the MRQ testified that perceived mental workload was greater in the absence than in the presence condition. In regard to diagnosticity, the Note. Standard errors are in parentheses. MD = Mental Demand; PD = Physical Demand; TD = Temporal Demand; P = Performance; E = Effort; F = Frustration.
MRQ was sensitive to the involvement of a set of mental resources that observers drew upon in carrying out their vigilance assignment. In addition to issues of sensitivity and diagnosticity, the adequacy of workload scales, like that of other psychological measures, needs to be considered in terms of the validity of the instruments. Given that observers in this study were faced with a vigilance assignment in which they were required to focus their attention continuously for 40 min on an array of circles in which critical signals for detection could appear in unpredictable spatial locations at unpredictable times, we anticipated that resources in the spatial domain would be heavily utilized on this task. Consistent with that expectation, the Spatial Attentive, Spatial Emergent, and Spatial Categorical dimensions played a significant role in both the presence and absence conditions, and the Spatial Conservative and Spatial Positional resources, along with the Visual Temporal resource, also came into play in detecting stimulus absence. The finding that a larger number of resources were utilized in the context of the absence versus the presence condition implies that searching for feature absence may be more complex than searching for stimulus presence, since more complex tasks often demand more resource elements (Wickens, 1984) . As described by Triesman and Gormican (1988) , this complexity may stem from the need for a greater degree of serial search to confirm the nonappearance of the target property among a stimulus array than for confirmation of the unique appearance of that property in one of the members of the array.
In addition to use of the dimensions just described, the fact that observers in this study indicated that they drew upon short-term memory resources is not surprising since shortterm memory or working memory is necessary to keep information active and available (Medin, Ross, & Markman, 2005) . Moreover, the finding that manual processing resources were utilized in both the presence and absence conditions is consistent with the need for observers in those conditions to execute a limited number of "go responses" (pressing a computer space bar to signify signal detection) in the context of numerous "no-go" responses (withhold bar pressing to nonsignals). Perhaps the most meaningful conclusion from Experiment 1 is that the results support the content validity (Anastasi & Urbina, 1997; Nunnally & Bernstein, 1994) of the MRQ scale and indicate that the instrument may be useful in measuring the perceived mental workload of vigilance tasks as well as in identifying sources of mental workload in those tasks that are not represented in the NASA-TLX.
In their initial discovery of the feature presence-absence distinction in visual search, Treisman and Gormican (1988) affirmed that detecting feature presence in an array of elements is preattentive in character and incurs little or no information-processing cost. However, an emerging view in the search literature is that the alignment of feature detection with preattentive processing may no longer be tenable (Quinlan, 2003) . That view is supported in the present study by the finding of a similar vigilance decrement (decline in performance efficiency over time) in both the feature absence and the feature presence conditions. To the extent that the decrement reflects the consumption of informationprocessing resources that are not replenished over time (Parasuraman, 1979; 1998; Warm, Parasuraman, et al., 2008) , the presence of a decrement in the feature presence condition implies that some information-processing cost must be associated with feature detection. This interpretation is bolstered by the finding that mental demand was a dominant contributor to workload in both the feature presence and feature absence conditions. In defense of the preattentive notion, however, one could argue that the nature of the vigilance task itself added other attentional demands that masked the presence of preattentive processing in detecting feature presence. More specifically, vigilance tasks are typically rated as quite boring (Scerbo, 1998 (Scerbo, , 2001 , and conscientious efforts by the observers to maintain goal maintenance in the face of boredom (cf. Kane & McVay 2012; McVay & Kane, 2010; Robertson et al., 1997) may have cloaked evidence of preattentive processing in regard to the detection of stimulus presence. An argument of this sort, which entails generalized executive resources, is countered by the findings with the MRQ that several specific spatial processing resources consistent with the nature of the tasks involved were identified by the observers as underlying their performance in the presence as well as the absence condition. It could be argued that the report of such resources was biased in part by task instructions. However, the pretask instructions provided to observers made no mention of the information-processing resources to be used in the task. Observers encountered the MRQ only after the task was completed when they had the option to indicate which of the resource dimensions on the MRQ were task related and which were not. All in all, it appears that the results of this study undermine the notion that detecting feature presence in an array of stimulus elements is preattentive.
ExpErImEnt 2 task type and multitasking
Experiment 2 was designed to provide additional comparisons of the sensitivity and diagnosticity of the NASA-TLX to that of the MRQ by examining two other factors known to increase task demand in vigilance, task type and multitasking. As described by Davies and Parasuraman (1982) , vigilance tasks can be grouped into two basic categories, defined as successive (SUC) and simultaneous (SIM) in character. The former are absolute judgment tasks wherein observers must compare current input against a standard retained in recent memory in order to differentiate signals and noise. The latter are comparative judgment tasks in which all of the information needed for signal detection is present in the stimuli themselves and recent memory for the signal feature is less critical. Considerable evidence is available indicating that due to the memory imperative, SUC-type tasks are more capacity demanding than their SIM-type counterparts (Warm & Dember, 1998; Warm, Matthews, & Parasuraman, 2009; Warm, Parasuraman, et al., 2008; Wickens et al., 2013) . As noted by Caggiano and Parasuraman (2004) , multitasking can add to the resource demands of a vigilance assignment and degrade performance efficiency in that assignment. Accordingly, to further compare the relative merits of the NASA-TLX and the MRQ, this study examined the sensitivity and diagnosticity of the two scales to the differential workload demands imposed by the factorial combination of the two task types (SUC, SIM) and two operating conditions (single task, multitask).
As will be seen later, the two task types employed in this study required spatial discriminations to separate signals from noise, and the study featured a battlefield map display in which stimulus events requiring attention could appear in unpredictable spatial locations. Consequently, as in Experiment 1, we anticipated that spatial resources would be heavily utilized in this study along with short-term memory. Since, as was the case in the initial experiment, this study involved sequences of "go" and "no-go" responses, we also anticipated that manual processing resources would be a component in the resource profile as well.
method
Participants. Fifty-six undergraduate students, 18 men and 38 women, from the University of Cincinnati served as observers for course credit. They ranged in age from 18 to 38 years with a mean of 22.3 years. All observers had normal or corrected-to-normal vision and normal hearing as indexed by self-report.
Design. Fourteen observers were assigned at random to each of four experimental conditions defined by the factorial combination of two task types and two operating conditions.
Apparatus. In all four conditions, observers participated in a 60-min vigil composed of six continuous 10-min periods of watch during which they viewed a 43.2-cm VDT containing a map designed to simulate a battlefield surveillance assignment with high vigilance requirements similar to those that military personnel might use in operational settings (Shingledecker et al., 2010) . The map covered the entire surface of the VDT. As illustrated in Figure 3 , it consisted of three four-vehicle columns (military terminology for battlefield units) containing tanks, armored personal carriers, and ambulances. The size of each vehicle in a column was 24 × 24 pixels.
The tank in the middle column, the one denoted by the arrow in Figure 3 , was designated as the threatening tank and was the vehicle that required constant surveillance. Along with the other vehicles in its column, it moved continuously back and forth along a horizontal vector from the left edge of the screen to the right and from the right edge to the left. Edge-to-edge movement required 60 s to complete. In either direction, the threatening tank was always in the lead position of the column, that is, it was in the far-left position of the column when moving in the left direction and in the far-right position of the column when moving in the right direction. The other two columns moved in an independent manner relative to each other and to the central column in random vectors along the screen. The threatening tank had two equal-length gun barrels (8 pixels) that could extend from one side. The barrels to be inspected appeared for 500 ms once every second. Thus, the flow of events to be inspected was 60 per minute. Critical signals for detection in the SIM task were those in which one barrel, left or right, was longer (11 pixels) than the other (8 pixels). In the SUC task, critical signals were cases in which both barrels (11 pixels) were longer than normal (8 pixels). Observers were informed that these signals represented firing threats that needed to be identified by pressing a mouse button.
As described earlier, the spatial discriminations required in the two task types were equated by pilot work for difficulty under alerted conditions. In the single-task operating condition, the only work requirement was to monitor the status of the tank. In addition to that requirement, observers in the multitask condition were also required to respond to auditory requests to identify the position of one of the other display elements via a yes-no keyboard response, a condition akin to the military case in which an observer performing a vigilance task must also respond to radio messages from collaborators (Shingledecker et al., 2010) , for example, "Is the top column left of center?" Observers in the multitask condition were instructed that both the vigilance and the auditory-query tasks were of equal priority.
Thirty critical signals were presented at random intervals within each period of watch in all experimental conditions (signal probability = .05; in the SIM task, each of the two barrels was the longer barrel on half the signal presentations). Responses occurring within 850 ms of the onset of a critical signal were recorded automatically as correct detections. All other responses were recorded as false alarms. Queries about alternate vehicle positions occurred four times per minute but did not occur concurrently with the appearance of critical signals. , and represent tanks, armored personnel carriers, and ambulances, respectively. Arrow is pointing to the threatening tank.
Procedure. Observers were tested in groups of 2 to 4 in a windowless inner laboratory room (2.44 m × 4.27 m). Each observer was seated at a table in a booth (0.76 m × 0.91 m) that was separated from neighboring booths by poster board panels (0.55 m × 0.71 m). The panels visually isolated the observers from each other. To further minimize interobserver communication, all observers wore headphones during the course of the vigil, which masked external sounds. Ambient illumination in each booth was 5.12 cd/m 2 , a value identical to the ambient illumination in Experiment 1. As in the first experiment, it was provided by a 25-watt lightbulb housed in a parabolic reflector and situated to reduce glare on the VDT. Each booth contained a separate VDT that was positioned on the table at eye level at a distance of 55 cm from, and directly in front of, the seated observer.
During any given watch-keeping session, all members of a testing group were exposed to a common experimental condition. However, the schedule of critical signal appearances and when appropriate, the alternate vehicle queries, were different for each group member. The queries were delivered via the headphones (male voice, 56 dB SPL) worn by the observers. Stimulus presentation and response recording for each observer were orchestrated by separate Dell personal computers (Dimension 2400) running custom software.
As in Experiment 1, observers received a verbal briefing after reporting for the experiments and completed an informed consent form. The procedure for practice trials and the criteria for retention in the study were identical to those described in Experiment 1. As in the initial study, computerized versions of the NASA-TLX and the MRQ were administered after completion of the vigil, and their order of administration was balanced within each experimental condition. With both instruments, observers in the multitask conditions were instructed that their workload ratings should encompass the entire task ensemble and not just the vigilance tasks alone.
results
Vigilance performance. Contrary to Experiment 1, wherein the majority of the observers made no false alarms, errors of commission were present in the data of all observers in this experiment. Consequently, as is often the case in vigilance experiments when false alarms are present (See, Howe, Warm, & Dember, 1995) , signal detection theory measures of perceptual sensitivity (d′) and response bias (c) (Macmillan & Creelman, 2005) were derived from the percentages of correct detections and false alarms in all experimental conditions. The measure c was used instead of the more traditional response bias measure β because of data indicating that c is a more effective measure of response bias in vigilance studies (See, Warm, Dember, & Howe, 1997) .
A 2 (task type) × 2 (operating condition) × 6 (periods of watch) mixed-model ANOVA was performed on the mean d′ scores displayed in Query task performance. Mean percentages of correct responses to the query task are presented in Table 4 for all combinations of task type and periods of watch. Standard errors are in parentheses.
Perusal of the table will reveal that the scores were high in all experimental conditions, indicating that in all conditions, the observers adapted an active approach to the query task. A 2 (SIM, SUC) × 6 (periods of watch) mixed-model ANOVA of arcsines of the percentages of correct query responses revealed no significant main effects and no significant Task Type × Period interaction, p > .05 in all cases.
Workload measurements. As in Experiment 1, the data from each workload scale were initially examined for possible carryover effects associated with the presentation sequence of the scales. For each scale, the results were similar regardless of whether it was completed first or second by the observers. Consequently, administration order was not included in the following data analyses.
Mean NASA-TLX subscale scores (based on the unweighted scoring procedure; Nygren, 1991) and their respective standard errors are presented in Table 5 for the simultaneous and successive discrimination tasks in the context of the single-task and multitask operating condi- tions. It is evident in the table that the overall mean level of workload in each experimental condition fell close to or exceeded the midpoint of the NASA-TLX scale (50), indicating a substantial overall level of workload in these conditions.
A 2 (task type) × 2 (operating condition) × 5 (subscale) mixed-model ANOVA of the NASA-TLX data revealed that overall workload in the SUC condition (M = 57.65, SE = 4.50) was significantly greater than that in the SIM condition (M = 48.48, SE = 2.23), F(1, 52) = 7.54, p < .05, η p 2 =.13. A significant main effect was also found for subscales, F(4.61, 239.70) = 30.79, p < .001, η p 2 =.37. The main effect for operating condition and all of the interactions in the analysis were not statistically significant, p > .05 in all cases. Post hoc Tukey tests with alpha set at .05 indicated that subscales Mental Demand (M = 70.00) and Frustration (M = 68.04) were the major contributors to workload in this study; their means did not differ significantly from each other but were significantly greater than the means for all of the other subscales, Effort (M = 58.30), Performance (M = 50.71), Temporal Demand (M = 47.77), and Physical Demand (M = 23.57). The Tukey tests also revealed that Effort differed significantly from Temporal Demand and Physical Demand, which also significantly differed from each other.
Within each experimental condition, the MRQ resource dimensions that met the 50% inclusion criterion described in Experiment 1 are shown in Table 6 . Note. Standard errors are in parentheses. MD = Mental Demand; PD = Physical Demand; TD = Temporal Demand; P = Performance; E = Effort; F = Frustration; SIM = simultaneous; SUC = successive.
It is apparent in the table that the four experimental conditions shared some common resource dimensions but differed on others. Specifically, seven dimensions were utilized across all conditions. They encompassed the Manual Processing, Spatial Attentive, Spatial Categorical, Spatial Concentrative, Spatial Emergent, Spatial Positional, and Short Term Memory dimensions. In contrast, the Auditory Emotional and Auditory Linguistic dimensions were utilized only in the multitask task conditions, the Spatial Quantitative dimension was linked only to the SIM task conditions, the Visual Lexical and Visual Phonetic dimensions were restricted to the SIM multitask condition, and the Visual Temporal dimension was utilized in all conditions but the SIM single-task condition. Accordingly, as in Experiment 1, only the resource dimensions shared by the four experimental conditions were used in comparing the magnitude of the workload scores elicited by these conditions. Means and standard errors for the four experimental conditions in each of their shared resource dimensions are presented in Table 7 .
It is evident in the table that the mean overall workload scores for each of the four experimental conditions fell above the midpoint of the MRQ scale (50), a result that duplicated the substantial level of task demand reflected in the NASA-TLX. A 2 (task type) × 2 (operating condition) mixed-model ANOVA performed on the MRQ data revealed that the perceived mental workload of the SUC condition (M = 70.05) was significantly greater than that of the SIM condition (M = 61. The Subscale × Operating Condition interaction is presented in Figure 6 . The figure shows that workload differences between the two operating conditions were linked to the resource dimensions involved. Based on Bonferronicorrected t tests with an alpha level of .05, the higher level of workload in the multitask as compared with the single task condition was significant only in regard to the Manual Processing, Spatial Categorical, and Short Term Memory resource dimensions. Task differences in the context of all of the remaining dimensions were not significant.
discussion
This study confirms and extends the finding from Experiment 1, indicating that the newly developed MRQ can be of effective value in measuring the workload associated with the performance of vigilance tasks. Like the case with the NASA-TLX, the mean overall workload scores on the MRQ generally fell above the midpoint of the scale (50), indicating that the workload of the tasks performed in this study was substantial. With regard to the NASA-TLX, overall workload scores at this level exceed those typically observed for several other types of tasks, including time estimation, grammatical reasoning, and simple tracking (Warm et al., 1996) . Like the NASA-TLX, the MRQ was sensitive to factors that affected task difficulty, and it was diagnostic in its ability to discriminate the sources of information-processing demand imposed upon observers.
As might be anticipated from previous investigations (Caggiano & Parasuraman, 2004; Warm & Dember, 1998; Warm, Matthews, et al., 2009; Warm, Parasuraman, et al., 2008; Wickens et al., 2013) , performance efficiency in terms of perceptual sensitivity was poorer in the case of the SUC as compared with the SIM task and in the case of the multitask as compared with the single-task operating condition. Consistent with earlier studies with the NASA-TLX showing that psychophysical factors that lower d′ also elevate perceived mental workload in vigilance (Warm & Dember, 1998) , both workload instruments indicated that global workload was significantly greater in the context of the SUC than in the SIM task. Surprisingly, the NASA-TLX did not reveal a significantly higher level of global workload for the multitask than for the single-task condition. However, the MRQ was sensitive to the operating conditions and to the information-processing dimensions involved. Significantly higher workload scores for the multitask as compared with the single-task condition were observed on the MRQ, but these differences were restricted to the Manual Processing, Spatial Categorical, and Short Term Memory resource dimensions.
In terms of the diagnosticity issue, earlier studies with the NASA-TLX have revealed a consistent resource profile in which Mental Demand and Frustration were the primary dimensions of the workload imposed upon observers . That effect was noted in the present investigation as well. As in Experiment 1, the MRQ in the present case also identified unique sets of mental processes that observers drew from in the vigilance task that are not measured by the NASA-TLX. Consistent with expectations derived from a task in which observers were required to track the spatial magnitude and spatial position of elements and to utilize both "go" and "no-go" responses, spatial resources were heavily utilized in this study along with short-term memory and manual processing resources. Across all experimental conditions, the Spatial Attentive, Spatial Categorical, Spatial Concentrative, Spatial Emergent, Spatial Positional, Short Term Memory, and Manual Processing dimensions met the inclusion criterion in which more than 50% of the observers gave ratings greater than zero. In addition, the Auditory Emotional and Auditory Linguistic dimensions of the MRQ emerged as meeting the usage criteria in the multitask condition wherein auditory messages were added to the tapestry of task elements.
The diagnosticity of the MRQ was also evident from the significance of the Subscale × Operating Condition interaction for this instrument but not for the NASA-TLX. The multitasking condition elevated the Manual Processing, Spatial Categorical, and Short Term Memory dimensions, implying that these dimensions may contribute to the performance decrement resulting from the additional task. Taken together, this pattern of results across tasks that feature different types of discriminations also speaks well for the content validity (Anastasi & Urbina, 1997; Nunnally & Bernstein, 1994) of the MRQ scale.
Although the present results support the validity of the MRQ, there is an important issue to consider in the use of this scale. That issue concerns what Boles and Dillard (in press ) describe as one of compound measures and metrics or how to compare different conditions in regard to global workload when the conditions draw from different sets of resources. The approach adopted to handle that problem in Experiments 1 and 2 of this investigation was to use a resource profile that counted only those resources that jointly met the 50% inclusion criterion in each of the experimental conditions being compared, what might be termed "core" resources. Other approaches are possible, for example, using all the resources meeting the inclusion criterion in comparisons between conditions even if the number of emerging resources differs between conditions (Dillard, 2012) or combining the mean of the core resources with some weighted value of the number of additional resources being utilized. In the present experiments, the conditions that had higher core workload levels also tended to have a greater number of other resource pools being tapped, so the direction of the results would be similar no matter what technique was chosen. This outcome may not always be the case. Consequently, research into the most effective way to handle the compound measures and metrics issue is needed for further development of the MRQ.
Although the principal focus in this study was workload metrics and not signal detection theory measures, the results obtained regarding the effects of task type and the operating environment on the observers' willingness to emit detection responses warrants comment. Vigilance studies have mostly shown that the response criterion grows more conservative over time, a result that was duplicated in this study, and that the criterion can be systematically altered by variations in signal probability and payoff matrices (See et al., 1995 (See et al., , 1997 Warm & Jerison, 1984) . For the most part, factors that directly affect discrimination difficulty in and of itself have been viewed in terms of influencing perceptual sensitivity not response bias (Matthews, Davies, Westerman, & Stammers, 2000; Warm, 1993) . The results of this investigation indicate that factors that degrade discriminability and increase workload can affect both detection theory measures. Observers not only had lower perceptual sensitivity and higher MRQ workload scores in the SUC as compared with the SIM condition and in the multitask as compared to the single-task condition, but they were also more conservative in responding in the SUC than the SIM condition and when they were required to perform the vigilance task in the multitask than in the single-task environment. A result of this sort might reflect a strategic approach to the simulated military map surveillance task employed in this study in which observers became more cautious in responding under the more difficult discrimination conditions in order to minimize unwarranted reports of threatening enemy action.
SummAry And concluSIon
Two experiments were conducted to compare the sensitivity and diagnosticity of a new measure of subjective mental workload, the MRQ, with that of a well-established workload measure, the NASA-TLX, in regard to psychophysical factors that increase the information-processing demand imposed by vigilance tasks. The version of the MRQ employed in these experiments paralleled the NASA-TLX in showing that vigilance tasks induce generally high levels of mental workload and in showing that workload is greater for tasks in which critical signal discriminations required the detection of stimulus absence versus presence and successive (absolute) as compared with simultaneous (comparative) judgments. In addition, the MRQ identified resource dimensions not tapped by the NASA-TLX and showed that workload differences produced by multi-as compared to singletask vigilance assignments are linked to specific resource entities. Thus, as Boles and Dillard (in press) have pointed out, when combined with the NASA-TLX, the MRQ provides a fuller picture of the workload inherent in vigilance tasks.
In terms of functional significance, the results of this investigation indicate that the MRQ could be used for the purpose of cognitive task analysis (Schraagen, Chipman, & Shalin, 2000) to uncover the knowledge representation induced by different vigilance assignments, which in turn might be useful for the design of operational displays. For example, a key problem in vigilance performance is the determination of conditions in which the quality of sustained attention will suffer from interference by other tasks (Caggiano & Parasuraman, 2004) . Because of its ability to predict intertask interference in a variety of multitasking situations (Boles et al., 2007; Boles & Adair, 2001) , the MRQ may be useful in the design of vigilance tasks that will be resistant to intertask interference in given operational situations. Moreover, by identifying the resource profile inherent in a given operational task, the MRQ might lead to training pro-grams designed to promote operators' skill in using those resources (cf. Dillard, Boles, & Black, 2012; Klein et al., 2012) and, in that way, enhance their performance efficiency with the task involved. In sum, the results of this study indicate that the MRQ may be an important complement to the NASA-TLX in the toolbox for measuring the workload of sustained attention.
KEy poIntS
• Like the NASA Task Load Index (NASA-TLX), the Multiple Resource Questionnaire (MRQ) shows that vigilance tasks induce a high level of mental workload in observers.
• Like the NASA-TLX, the MRQ shows that workload scores are greater for difficult conditions, such as detecting stimulus absence versus presence and detecting critical signals by means of successive-type (absolute judgment) as compared with simultaneous-type (comparative judgment) discriminations.
• The MRQ is diagnostic in identifying the resource dimensions involved in vigilance tasks.
• The MRQ may be more sensitive than the NASA-TLX in reflecting higher workload in the context of multitask than in single-task conditions. • The MRQ may be a meaningful addition to the NASA-TLX in measuring the workload of vigilance assignments.
rEfErEncES
